Abstract. Overwintering insects must avoid injury and death from the freezing of tissues and from metabolic disruptions associated with exposure to low, non-freezing temperatures. The winter climates of the world are classified in relation to insect overwintering on the basis of their minimum temperatures and the duration of the winter (when temperatures are below the thermal range for activity and development). Outside the Tropical Wet zone, the severity of exposure to cold (temperature, snowfall, duration of exposure, predictability, variability) can vary from a few days at 0°C to months below -20°C with extremes as low as -60°C. The severity of the temperature exposure may be ameliorated by the selection by insects of overwintering sites (exposed, partly-exposed, protected). The relationships among overwintering habitats, the minimum winter temperature in climatic zones, and the supercooling points (SCP) of over 350 terrestrial insects from published reports were examined. Variability in the SCP among insects within each climatic zone and habitat was wide. Among the freeze-susceptible species that overwintered in exposed or partly-protected habitats the SCP and the cold severity of climate were correlated. This was not the case for insects that overwintered in protected habitats. The SCP's of freeze-tolerant insects were generally higher than the freeze-susceptible insects, and the SCP's were not tightly linked with the cold severity of climatic zone. Insects, both freeze-susceptible and freeze-tolerant, overwintering in exposed habitats had lower SCP's than insects from habitats that offered some protection from ambient temperatures. Thirty-eight species had reports of SCP's for different geographical locations. Although there were occasionally differences in the SCP's, there was no consistent pattern of insects having lower SCP's when overwintering in colder habitats. The incidence of freeze-tolerance was higher in boreal and polar climatic zones than in climatic zones with warmer winters. Holometabola insects had a higher incidence of freeze-tolerance than hemimetabola insects. Suggestions for future research directions are outlined.
INTRODUCTION
The different types and degrees of coldhardiness in insects are the outcome of adaptations that have enabled insects to live in environments as severe as those in alpine and polar regions. Insects have evolved various developmental and behavioural strategies that mitigate the harmful effects of low temperature (Danks, 1996) .
Low temperature damage to insects occurs in two different manners, by injury related to freezing, and by nonfreezing metabolic injury. The formation of ice crystals may cause physical damage, but metabolic injuries unique to the frozen state, such as osmotic stress and anoxia, also affect survival . Non-freezing metabolic injury is cumulative and can occur at temperatures above the insect's freezing point, but below the threshold for normal metabolism and development. The mechanisms through which these low temperatures may cause injury have not been explained, although several possibilities have been advanced Ramløv, 1999) .
Insects use two approaches to avoid freezing-related injuries. Freeze-susceptible insects have adapted by lowering their supercooling point (SCP) to avoid freezing, while freeze-tolerant species freeze, but survive freezing through the action of ice-nucleating agents or the removal of ice-nucleators from the system. Most freeze-tolerant species freeze at a relatively high temperature, thereby avoiding injury associated with the rapid formation of large ice crystals. However, such frozen insects may die at a lower temperature (e.g., Vernon et al., 1996) . The cause of such mortality is unknown, but could be related either to the metabolic injuries unique to the frozen state or to the processes involved in non-freezing injury.
Non-freezing injury is a function of both low temperature and the duration of exposure. The injurious effects accumulate over time, more quickly at lower temperatures and can be reversed or repaired if higher temperatures occur before extensive damage has occurred (Turnock & Bodnaryk, 1993) . Adaptations to reduce non-freezing injury include lowering the Upper Limit of the Cold Injury Zone (ULCIZ), and reducing the response to low temperatures and durations of exposure (Turnock et al., 1983 (Turnock et al., , 1998 Nedv d, 1998; Renault et al., 2002) .
Coldhardiness research over the past 50 years has developed an understanding of the impact of freezing on insect tissues and the mechanisms by which freezing injury is avoided. The importance of avoiding injurious low temperatures by behavioural and developmental mechanisms was recognized, and authors have investigated the microclimates of some overwintering habitats (Cloudsley-Thompson, 1962; Danks, 1978; Lamb et al., 1985; Ramløv, 1999; Sinclair, 2001) . The SCP has been used in combination with meteorological data to predict survival for some species, primarily for those overwintering in exposed habitats (Green, 1962; Sullivan, 1965; Tenow & Nilssen, 1990; Bale, 1991) .
Research on the adaptations used by insects to avoid non-freezing cold injury has received much less attention (Renault et al., 2002) . A few studies have attempted to use experimental data on the effect of time and temperature to predict survival (e.g., Lamb et al., 1985; Nedv d et al., 1998) , and some progress has been made in developing techniques for describing the relationship of survival to temperature and duration of exposure (Nedv d, 1998) . Adaptations that affect the ability to survive nonfreezing injury appear to be independent of the adaptations to avoid freezing injury (Turnock et al., 1998) .
The SCP is no longer deemed an adequate predictor of overwintering survival for many species (Renault et al., 2002) , but a standard method of predicting survival following exposure to conditions causing non-freezing cold injury has not yet been accepted. It is clear, however, that insect species exposed to low temperatures have physiological mechanisms to protect them from both freezing and non-freezing mortality in their overwintering habitats.
Different climates vary in the intensity of the low temperature stress that they place on insects. Potentially freezing temperatures may occur for very short periods (diurnal) or for months. Temperatures potentially causing non-freezing cold injury also may vary from a few hours to many months. One would expect that the level of adaptation to protect the insect from each of these low temperature stresses would be related to the conditions experienced by overwintering insects in their overwintering habitat in the different climatic zones of the world.
As a first step in examining this relationship, we describe the terrestrial winter climates of the world as they affect the level of risk from freezing and from cold injury among overwintering insects in their habitats. We examined three aspects of insect coldhardiness; SCP, freeze tolerance and non-freezing injury. The SCP is the most widely used measure of coldhardiness. Therefore, we examined the relationship between the SCP and climatic zones by habitat for both freeze-susceptible and freeze-tolerant species. We also examined the incidence of freeze-tolerance species among climatic zones and habitats. Other measures of cold tolerance such as the duration of survival at low temperatures, the upper limit of the cold injury zone, the sum of injurious temperatures are better than SCP for predicting survival at low temperatures. However, few studies have been published, so our analysis is limited to ways in which resistance to cold injury varies within and between species. We then pose some questions about insect coldhardiness that need to be answered to advance our knowledge of the processes, and of our ability to predict overwintering survival and the results of climatic changes on overwintering insects.
WINTER CLIMATES AND INSECT OVERWINTERING HABITATS
Most classifications of the terrestrial climates of the world are based on the Köppen system (Köppen, 1931), which considers both summer and winter climates in establishing five principal groups of world climate. The Köppen system, as modified by Trewartha & Horn (1980) , provides a basis for looking at world climate from the standpoint of an overwintering insect (Table 1) . Additional information on the colder climates of the world is found in Grody & Basist (1996) , Bailey et al. (1997) , King & Turner (1997 ), Brown (2000 ), and Dye (2002 . In this classification of winter climates, we used the major climatic zones of Trewartha & Horne (1980) -Tropical, Subtropical, Temperate, Boreal, Polar -but we have divided their categories of "Dry Climates" and "Highland Climates" and placed them within the adjacent major zones. The winter climates of dry areas (steppes and deserts) are colder, and the diurnal fluctuations are greater, than in moister areas within the same zone. Climates in highland areas are much more variable than in lowland and dry climates in the same zone. Diurnal temperature fluctuations are greater than at lower altitudes, and the topographic variability affects insolation and wind force, thus increasing variability in the distribution and persistence of snowcover. We also divided the winter climates of the Boreal and Polar zones into "Oceanic" and "Continental" to reflect the effects of open water on the temperature, cloud cover, and precipitation of these areas. The elements of climate affecting insects during winter were selected for the following reasons: (1) the mean air temperature during the coldest month reflects the minimum temperature of exposure; (2) the number of months with mean temperatures below 10°C indicates the degree of occurrence of temperatures below the threshold for normal metabolic development of warm-weather insects, and thus the potential mean upper limit of nonfreezing cold injury; (3) the number of months with mean temperatures below 0°C indicates the duration of time in colder climates that an insect might be exposed to freezing and non-freezing injurious temperatures; (4) the occurrence and persistence of snowcover greatly affects the temperature in habitats in soil and on the soil surface. Snow may also delay the warming of the overwintering habitat in polar and boreal climates and thus effectively shorten the summer for species overwintering beneath thick snowcover.
The zones of winter climate differ in the degree and duration of stress that they impose on overwintering insects. Insects exposed to air temperatures must avoid death from freezing at temperatures as low as -50°C and survive exposure to temperatures that may cause nonfreezing injury and death for as long as 10 months. However, not all insects overwinter in habitats that are exposed to air temperature, and both the temperature and the duration of exposure to low temperatures in less exposed habitats are modified by topographic and vegetative effects on insolation, insulation, and energy fluxes (Geiger, 1950; Oke, 1987) .
The natural overwintering habitats were classed according to their degree of exposure to ambient air temperature as: (1) exposed: overwintering on vegetation (e.g., trees, shrubs) or other structures above the ground Number of observations >2 except * = 1, ** = 2. Standard Error of the Mean (SEM) for individual climates and habitats ranged from 0.2 to 13.0. Different letters following means within the Temperate zone and totals show significant differences among climatic zones based on Tukey's Multiple Range Test, P < 0.01. Freeze-susceptible and freeze-tolerant groups were analyzed separately. surface and snowcover; (2) partially-protected: overwintering in vegetation or ground surface litter; or (3) protected: overwintering beneath the soil surface. Insects in polar and alpine climates tend to be limited in their overwintering habitats to a narrow, biologically-active, zone between bedrock or permafrost and the top of sparse, low-growing vegetation.
The temperatures in these habitats vary in their relation to air temperatures in different climatic zones as well as varying in response to such variables as snowcover, wind, precipitation, soil type, and vegetation. Of these, snowcover is the major modifier of the temperature of partially-protected and protected habitats. Even small amounts of snow on the foliage of conifers may protect overwintering insects (e.g., Neodiprion sertifer eggs on pine branches in Boreal forests; Sullivan, 1965) .
In climatic zones where freezing temperatures are associated with temporary invasions of cold air masses (Subtropical, Temperate Oceanic, Temperate Warm Continental, and Temperate Dry), even non-persistent snowfall can protect insects in partially-protected overwintering habitats. In these areas insects in exposed habitats experience the minimum air temperatures, while those in protected habitats are buffered. Partially-protected habitats can be protected from extremes of low temperature if invasions of cold air are accompanied by snow.
In climatic zones with persistent, deep snowcover, all habitats beneath the snow are protected from the fluctuations of air temperatures. With sufficient snowcover, insects overwintering in the litter, or on soil surfaces can be considered to occupy protected habitats. Although the depth and insulation properties of snowcover vary within the Temperate Cold Continental and Boreal zones, an insulating blanket of snow can maintain soil temperatures at levels similar to those in the Temperate Warm Continental zone, where snowcover does not persist.
The climatic zones and overwintering habitats can be grouped on the basis of their temperatures and duration of exposure (Table 1) .
Tropical Climates
There is no winter, and only in the Highlands do diurnal temperatures fall below 0°C. Minimum temperatures decrease with altitude, and may be as low as -20°C at altitudes above 3000 m. Temperatures in the Tropical Wet and Wet and Dry climates are rarely below 10°C and do not impose any low temperature stress on insects. Diurnal frosts in Tropical Dry climates are mild with short durations, and both air and soil temperatures rise rapidly during the day. Insects need some protection from freezing, but the duration of temperatures below 10°C seems too short to cause non-freezing injury.
Subtropical Climates
Winters are short and mean air temperatures are below 10°C for 1-3 months. Cold air masses bring occasional brief periods of freezing air temperatures, rarely accompanied by snow. Insects in exposed habitats need some resistance to freezing, and all habitats have short periods of temperatures that could cause cold injury. Subtropical Humid and Dry Summer climates do not expose insects to severe stress from either freezing or non-freezing injury, regardless of their overwintering habitat. Insects in Subtropical, Humid, and Dry climates are exposed to some diurnal freezing during occasional short periods of freezing weather associated with invasions of cold air. Snow is rare and transient, providing no insulation.
Temperate Climates
There is a definite winter season during which air temperatures are below 10°C and, in all but the Oceanic zone, below 0°C for 3-8 months. The depth and persistence of snowcover is a factor modifying the impact of air temperatures in the soil and on the ground surface. Where snowcover is not persistent, insects overwintering on vegetation or on the soil surface are exposed to the fluctuating temperatures, similar to air temperatures, that are associated with invasions of warm and cold air masses. The variability in the severity of the minimum temperature and the duration of exposure to low temperatures among the habitats and sub-zones in the Temperate zone is greater than in other zones. Therefore the level of adaptations to avoid freezing and non-freezing injury also should be more variable than in other zones.
The Temperate Oceanic and Warm Continental climates do not expose overwintering insects to very low minimum temperatures, but potentially injurious nonfreezing temperatures may persist for 3-6 months. Insects overwintering in exposed and partially-protected habitats may be exposed to temperatures fluctuating above and below the ULCIZ due to alternating invasions of polar and subtropical air masses. Such insects may be adapted to repair injuries in warmer weather following cold periods (Casagrande & Haynes, 1976; Nedv d et al., 1998) . Snowcover may temporarily protect insects on the soil surface from low minimum temperatures.
The winters in the Dry climates are colder and drier, and all the overwintering habitats have lower temperatures than those in the Oceanic and Warm Continental climates. Snowfalls are light and do not persist for long periods. Winter air temperatures in Temperate Cold Continental climates are well below -10°C, and freezing temperatures persist for 4-7 months. Where snowfall is heavy and persistent, temperatures on and in the soil are much warmer than the air temperatures, and generally remain above -10°C.
Boreal Climates
The winters are long and cold. The short winter days and limited solar heating reduce diurnal fluctuations. Polar air masses with low temperatures are dominant. Snowfall is moderate to heavy and persists (French & Slaymaker, 1993) . Surrounding waters in Boreal Oceanic zones ameliorate the severity of polar air masses so that mean air temperatures remain close to 0°C. There is little variability in daily and seasonal temperatures, and freezing may occur throughout the year (Klok & Chown, 1997) . Snowfalls may be heavy but usually are soon melted by rains. In contrast, Boreal Continental climates often have minimum air temperatures below -40°C, but surface and soil temperatures usually remain above -15°C because snow is persistent and usually heavy enough to protect these habitats from air temperature fluctuations.
Polar Climates
The winters are long and days are very short so that diurnal fluctuations of air temperatures are small. Snowfall is generally light (a very cold desert), and high winds keep some areas snow free, while forming drifts in other areas. Permafrost limits overwintering habitats in the soil, and the areas in which snowdrifts normally form may not be utilized by overwintering insects because slow melting of the snow in the spring shortens the already critically short summer (Danks et al., 1994) . Islands in the Arctic and those close to the Antarctic continent that are surrounded by sea-fast ice in the winter do not differ from Polar Continental areas during this season (King & Turner, 1997) . Antarctic islands with Polar Oceanic climates have little variability in daily or seasonal temperatures, and freezing temperatures can occur throughout the year. The tundra climates of the Northern hemisphere have air temperatures below -50°C, and overwintering insects need to be well-protected against both freezing and non-freezing injury.
Highland Climates
These climates are difficult to characterize because the zonal climate is modified by differences caused by altitudinal variability, degree of exposure to prevailing wind patterns, sparse vegetation, shallow soils above rock, and variable snowcover. Diurnal frosts in Tropical Highlands are mild and of short duration. Insectan habitats warm rapidly during the day. Some resistance to freezing and non-freezing injury is needed. In Subtropical Highlands, diurnal freezing temperatures occur more frequently and are lower than in the Tropical Highlands, but temperatures rise quickly under strong insolation. Occasional snows do not persist at altitudes occupied by insects. Mean monthly temperatures below the activity threshold occur for 2-3 months, so resistance to both types of injury are needed by overwintering insects. Temperatures in the Temperate Highlands are colder than in lower areas at the same latitude. Snowfall is variable and persists in some habitats. Freezing temperatures occur for 5-8 months, and overwintering insects need resistance to freezing and non-freezing injury. Temperate Highlands that are influenced by air masses from oceans combine diurnal freeze/thaw cycles with longer cold periods (Ramløv, 1999; Sinclair, 2001; Sinclair et al., 2003) . In such habitats, the ability to survive frequent exposures to freezing temperatures must be combined with resistance to, or repair of, cold injury and the rapid reactivation of metabolic processes as temperatures rise.
WINTER CLIMATES AND INSECT FREEZING
The extensive literature on the SCP of insects was examined to determine if there is a relationship between the SCP and winter temperatures. From each report, the species, strategy (freeze-susceptible or freeze-tolerant), stage of development, overwintering habitat, location, and SCP were extracted and the climatic zone of the location was determined. In most cases the original publications were examined, but information on some species was extracted from review articles such as Cloudsley- Thompson (1970) , Lozina-Lozinskii (1974) , Merivee (1978), and Sømme (1982) . References for individual species are not cited, except for species that are discussed. Sources of error in these records include the use of different techniques in measuring the SCP and the lack of precise information on overwintering habitats. This data base is limited to terrestrial insects in their natural habitats, and it is available from the authors. The considerable literature on insects in glasshouses and grain bulks, and on Collembola and Arachnida was not considered.
The information on freezing-susceptible (338 records for 268 species) and freezing-tolerant (120 records for 94 species) insects was analysed separately. Preliminary analyses of the SCPs of Hemimetabola and Holometabola showed a similar relationship to climate and habitat, so they were combined in the analyses. The distribution of records does not cover all the climatic zones and habitats, and several have only a few records.
Variations Among Species by Climatic Zones
The SCP of overwintering insects was related to the severity of the winter temperatures, although variability was high both within and among climatic zones and habitats (Fig. 1) . Correlation analyses were conducted for both freeze-susceptible and freeze-tolerant species between the ranking of the severity of the winter temperature (Table 1 ) and the SCPs in each climatic zone and habitat with sufficient records (Fig. 1) . The correlation was significant among freeze-susceptible insects in exposed and partially-protected habitats, but not in protected habitats. For freeze-tolerant insects there was no correlation between SCP and cold severity in exposed and partially-protected habits. There was a correlation in protected habitats, but the range of SCP values was narrow.
The mean SCP of both freeze-susceptible and freezetolerant insects overwintering in exposed habitats was significantly lower than in the other habitats (Table 1) . For freeze-susceptible insects, this difference among habitats did not occur in the Tropical zone or in the warmer climates (Humid, Dry Summer) of the Subtropical zone. For freeze-tolerant species, a significant difference between the exposed and the other habitats occurred only in two of the climates with the lowest winter temperatures, the Temperate Highland and Boreal Continental climates.
In Tropical Climates, the mean SCP of freezesusceptible insects ranged from -8.2 to -10.2°C (Table  1) . The SCPs for individual species were all above -13.0°C, except for two species from the Tropical Highlands: Cossonus frigidus Schiødte (-17.5°C) and Brachycaudus helichrysi (Kaltenbach) (-25.1°C) (Sømme & Zachariassen, 1981) . Both of these species are normally exposed to lower night temperatures than the other 14 species reported by these authors from high altitudes on Mount Kenya, C. frigidus because it inhabits dry rather than wet plant material, and B. helichrysi because it was collected from the highest altitude sampled, 4985 m, where night temperatures are likely below -20°C. The SCPs of three species of freeze-tolerant insects from exposed Highland habitats ranged from -4.8 to -7.3°C.
In Subtropical Climates, the SCPs of freeze-susceptible species was high (-8.1, -8.0°C) in protected habitats, lower (-13.0 to -18.0°C) in partially-protected habitats, and lowest (below -20.0°C) in exposed habitats of the Dry and Highlands zones ( Table 1 ). The lowest SCP in the Humid and Dry Summer zones was for Helicoverpa (Heliothis) zea (Boddie), the cosmopolitan pest of maize (Roberts et al., 1972) . Most of the freeze-tolerant species had high SCPs (-4.6 to -6.6°C), but three species from the subtropical dry zones had SCPs from -26.0 to -29.0°C, Eurytoma obtusiventris Gahan, Eurytoma gigantea Walsh, and Mordellistena unicolor Leconte. These species inhabit goldenrod galls and have a wide distribution in more northerly climates Duman & Montgomery, 1991) .
In Temperate Climates, freeze-susceptible insects show increasingly lower SCPs from protected, through partially-protected, to exposed habitats (Table 1) . The mean SCP in exposed habitats was significantly lower than in the other habitats in the Oceanic, Cold Continental, and Highlands zones. Only in the Cold Continental zone was the mean SCP in the partially-protected habitat significantly lower than in the protected habitat.
The SCPs of freeze-tolerant insects in all Temperate zones were mainly above -15°C (86%, N = 82). The 10 species with SCPs below -15°C included the three species from goldenrod galls that are also found in the Subtropical Dry zone (see above); Ostrinia nubilalis (Hubn.) in the Temperate Oceanic, Warm Continental, and Cold Continental zones (Barnes & Hodson, 1956; Hanec & Beck, 1960; Grubor-Lajsic et al., 1991) , Bracon cephi (Gahan) a parasitoid of the wheat stem sawfly, Cephus cinctus Nort. (Salt, 1959) , and Macdunnoughis confusa Stph. (Merivee, 1978) . All of these have widespread distributions and overwinter in habitats where snowcover is minimal, either in open grasslands or in crop residues on the soil surface. The mean SCP of species in exposed habitats of the Cold Continental zone was significantly lower than in the other habitats.
In Boreal Climates, the mean SCP of freeze-susceptible species was higher in the Oceanic than Continental zones (Table 1 ). In the Continental zone, the mean SCP decreased from -22.7°C in protected habitats, to -31.0°C in partially-protected habitats, to -47.1°C in exposed habitats. The first two habitat types are protected from low air temperatures by a cover of snow that is generally deep and persistent. Insects in these habitats have only slightly lower SCPs than insects overwintering in similar habitats in the Temperate Cold Continental zone. Among nine species from partially-protected and exposed habitats, only one, Rheumaptera hastata (L.), had a SCP (ca -24.0°C; Werner, 1978) higher than -31.0°C, and the others had SCPs from -31.0 to -58.0°C. The 10 freezetolerant species from exposed habitats (SCPs -6.2 to -36.0°C) were all collected under dead or loose bark in the interior of Alaska, USA, above the deep and persistent snowcover (Werner, 1978) . In protected habitats in the same location, Pterostichus brevicornis Kirby had a SCP of -11°C. In partially-protected habitats in the Rocky Mountains, the SCP of Pytho planus (deplanatus) Olivier was -54.0°C (Ring, 1982) .
In Polar Continental Climates, where air temperatures are very low, snowfall light, and winds strong, most insects overwinter in partially-protected habitats. The SCPs of two freeze-susceptible species from Arctic Canada were -24.0 and -51.6°C (Ring & Tesar, 1980; Ring, 1982) , while those of seven freeze-tolerant species ranged from -6.0 to -17.3°C. Polar Oceanic climates are less severe. Among species from Antarctic islands, the SCPs of freeze-tolerant species were -3.0 and -5.4°C (N = 2), and of freeze-susceptible species from -18.9 to -28.7°C (N = 3).
Variation Within Species Among and Within Climatic Zones
The mean SCP for a species has been reported for more than one population within a climatic zone or from populations from more than one climatic zone for 25 species of freeze-susceptible (Table 2 ) and 13 species of freezetolerant insects (Table 3 ). The mean SCP reported from these studies may be influenced by the source of the material, small sample size, and differences in technique in determining the freezing point. The degree to which such influences have affected the mean SCP cannot be determined from the published information. We accepted that SCPs differing by 4°C or more were evidence of a real difference among species or populations.
Among the 24 freeze-susceptible species for which records from more than one location within a climatic zone were available (Table 2), the difference was less than 4°C for 9 species in 12 climatic zones. Their mean within-zone difference in SCP records was 1.4°C. Although there were occasionally differences in the SCP's, there was no consistent pattern of insects having lower SCP's overwintering in colder habitats.
The difference of 4.0°C between populations of Rhopobota naevana (Hübner) in western (warmer) and eastern (colder) parts of southern Norway (Temperate Cold Continental zone) is consistent with differences in winter temperatures (Sømme, 1965) . There are large differences among populations of Neodiprion sertifer Geoffr. within the Temperate Cold Continental climate of Estonia and Latvia, -34.1°C (Sullivan, 1965) ; -39.1 to -40.6°C (Kopvillem & Kuusik, 1971; Merivee, 1978) but not among populations in Japan and Canada (-30.8° and -32.1°C) or between those and populations in the Temperate Highlands of Europe (-30.1 to -32.0°C) (Sullivan, 1965) . Similar differences occur between populations of D. radicum from Estonia (-25.2°C; Merivee, 1978) and Leningrad (ca -21°C; Koš ál, 1993) but Turnock et al. (1998) found no relationship between the SCP and the mean January air temperature for populations of this species from different locations and climatic zones. Differences within climatic zones in the SCPs of these two species are probably related to the experimental techniques of different researchers, but the difference of 10°C between reports for Dendroides canadensis Latreille, by the same researchers (Duman, 1980; Olsen & Duman, 1997 ) cannot be explained.
Among 16 freeze-susceptible species that were examined from more than one climatic zone, 5 have SCPs that differ among zones (Table 2 ). In Canada, the fall cankerworm, Alsophila pometaria (Harris), has a lower SCP in the Temperate Dry climate of Alberta (-44.6°C; Sømme, 1964) , than in the Temperate Cold Continental climate of Nova Scotia (-37.2°C; MacPhee, 1964) . The SCP of Neodiprion pratti banksianae Rohwer in Canada is higher in the Temperate Cold Continental zone (-34.0°C) than that in the colder Boreal Continental zone (-39.1°C) (Sullivan, 1965) . The European elm bark beetle, Scolytus multistriatus (Marsham), freezes at a higher temperature in the Temperate Cold Continental climate of Michigan, USA, (-24.1°C; Truchan & Butcher, 1970) than in the colder Boreal Continental zone of mid-Asia (-53.0°C; Lozina-Lozinskii, 1974) . Differences in the SCP that are correlated with differences in the mean January temperature are also recorded for Pyrrhocoris apterus (L.) in Bulgaria and the Czech Republic (Kalushkov & Nedv d, 2000; Hodková & Hodek, 1994) . Exochomus quadripustulatus (L.) is anomalous, with an SCP of -13.5°C in the Temperate Cold Continental zone at Leningrad (Pantyukhov, 1971 ) and -24.0°C from the Temperate Warm Continental zone in southern Bohemia (Nedv d, 1993) .
The SCP of most freeze-susceptible species does not vary greatly within their range of occurrence, but four species show a variation in their SCP that is correlated with temperature differences both within and among climatic zones (Table 2) . Three of the four species overwinter on the twigs, branches, or bark of trees in the colder Temperate zones, while the fourth overwinters in litter in the Subtropical Dry and Temperate Warm Continental zones.
Variation within or among climatic zones in the SCP of freeze-tolerant species was generally small ( Table 3 ). The distribution of insect species inhabiting the galls of goldenrod in North America includes several climatic zones. The SCPs of populations of goldenrod gall fly, Eurosta solidaginis in the Suptropical Dry climate of Texas varied from -10.0 to -18.2°C , but populations in the Temperate Cold Continental and Temperate Dry zones only varied from -9.6 to -13.7°C (Sømme, 1964 (Sømme, , 1978 Baust & Lee, 1981; Rickards et al., 1987 Zachariassen & Hammel, 1976; Zachariassen, 1980; Gehrken, 1992 -17.0, -19.0, -27 
PROPORTIONS OF SPECIES ADOPTING FREEZE-TOLERANCE VS -SUSCEPTIBILITY
The incidence of freeze-tolerance among species overwintering in exposed habitats tended to be lower than among those in partially-protected or protected habitats (Table 4) . However, the differences were statistically significant only among species in Temperate Zone Cold Continental and Dry climates. With the data pooled for all habitats within climatic zones, the incidence of freezetolerance was significantly higher in the Boreal and Polar zones than in the Tropical and Temperate zones.
Differences between the incidence of freeze-tolerance among insects in the southern and northern hemispheres led Sinclair et al. (2003) to conclude that this strategy would be selected for under conditions with "the certainty of severe, sub-zero cold" and "the unpredictability of non-frigid freeze-thaw events". The high incidence of freeze-tolerance in Polar and Boreal climates supports the first case, but the incidence is generally low among overwintering insects in exposed habitats in the Temperate zone (Table 4) . Within the Temperate zone, partlyexposed and exposed overwintering habitats in the Oceanic and Warm Continental have unpredictably variable winters in which "non-frigid, freeze-thaw events" are likely, and would be expected to favour the freezetolerant strategy. Although the incidence of freezetolerance is highest in the exposed habitats of Warm Continental climates, it is also high in protected habitats in these climates (Table 4 ). The overwintering microhabitat may also play a role. For example, among beetle species inhabiting rotten stumps in the Temperate Oceanic zone of France (Vernon et al., 1996) , the incidence of freeze-tolerance is high although they are protected from rapid temperature changes. Contact with water may prevent supercooling and necessitate the ability to tolerate freezing (Fields & McNeil, 1986) .
Freeze-tolerance has not been recorded among the eggs of overwintering terrestrial Hemimetabola or Holometabola (Table 5 ). In the other developmental stages, the incidence of freeze-tolerance was significantly (P < 0.02) higher among the Holometabola (27%) than among the Hemimetabola (12%). Among Holometabola the incidence of freeze-tolerance was significantly lower for pupae than for larvae or adults, but there were no consistent differences in the incidence among species overwintering in different habitats. In the Hemimetabola, there were no significant differences in the incidence of freeze- Zachariassen, 1980 Ohyama & Asahina, 1972 Merivee tolerance among the developmental stages or among habitats (Table 5) .
WINTER CLIMATES AND INSECT COLD INJURY
The ability to survive non-freezing cold injury has long been recognized a factor in insect coldhardiness (see reviews by Danks, 1978; Bale, 1987; Fields, 1992; Sømme, 1999) . Despite this, information on the manner in which insects have adapted to the challenges of extended exposures to low temperatures above the SCP is limited. Recent reviews persist in maintaining that the two main strategies for insect survival in cold are freezetolerance and freeze-susceptibility (Sinclair, 1999; Sømme, 1999; Renault et al., 2002; Sinclair et al., 2003) .
It would be more profitable for research to consider that the two principal physiological adaptations to cold are the avoidance of freezing injury and the avoidance of nonfreezing cold injury. Our knowledge of the effects of low temperatures on the physiological processes that are involved in cold injury and the adaptations that have been used to avoid this injury is rudimentary. Potential causes of death at low, non-freezing temperatures are reviewed by Ramløv (2000) and Renault et al. (2002) .
Consensus on the parameters that need to be measured to characterize the level of cold injury resistance in insects will not be reached until much more data has been accumulated, but we believe that the following concepts are worth pursuing.
Upper Limit of the Cold Injury Zone (ULCIZ)
The ULCIZ, the lowest temperature at which no significant mortality occurred during an ecologically relevant duration of exposure, is an important characteristic. This concept was developed in studies of freeze-susceptible insects overwintering in the soil of Temperate Oceanic and Temperate Cold Continental climates (Turnock et al., 1983 (Turnock et al., , 1998 Turnock & Bilodeau, 1992; Turnock, 1993; Turnock & Carl, 1995) . Nedv d (1998) presented calculations of the ULCIZ for seven species, showing that the value was below 10°C for a tropical species, Nauphoeta cinerea Olivier, 1.3°C for a Collembolan overwintering in the surface litter in a Temperate Oceanic climate, and -6.6 to -15.6°C among three species overwintering in the soil in a Temperate Cold Continental climate. Among these three species, the ULCIZ (-5° C to -15°C) varied parallel to the SCP (-20.3 to -26.4°C) (Turnock, 1993; Nedv d, 1998) . These species may differ in the soil depth at which they overwinter and therefore are exposed to different winter temperatures. The change in the ULCIZ of Eurithia consobrina (Meigen) from -7.5°C among overwintering puparia that were the progeny of adults from Germany (Temperate Oceanic climate) to -17.5°C for their progeny reared for 5-10 generations with diapause-inducing larval rearing 570 1 Subdivided contingency tables were used to test if habitats (rows) or if climate zones (columns) affect the proportion that was freeze-tolerant. Fisher exact test and Bonferroni inequality were used to adjust tests and P values when required, P < 0.05, no test if there were insufficient numbers.
25 (110) temperatures and cold exposures of 140 days, shows that this parameter can be altered by selection (Turnock & Carl, 1995) .
Predicting Survival
The rate at which survival decreases with increased stress from lower temperatures and longer exposures, involves the interaction of two variables, and is more difficult to characterize. This relationship has been described by regression analysis of duration of exposure for several temperatures (e.g. Merivee, 1978) , and a regression equation that combined temperatures and exposures within the cold injury zone was developed to predict non-freezing survival (Turnock et al., 1983; Lamb et al., 1985; Turnock et al., 1990; Turnock & Bilodeau, 1992; Turnock, 1993; Turnock & Carl, 1995; Turnock et al., 1998) . The calculation of negative degree-days (DD) below 0°C assumes that a particular DD accumulation has the same impact on survival, regardless of the combination of temperature and time that is used (Bale, 1996) . The inclusion of temperatures above the ULCIZ, where no cold injury occurs, is an obvious flaw in this approach. Nedv d (1998) reviewed methods of describing this relationship and proposed the use of the product of time and temperature exposure within the cold injury zone, the sum of injurious temperatures (SIT), in day-degrees (DD), or Kelvin-days (KD) (Nedv d, 1998) . This approach avoids the problem noted by Bale (1996) , and has merit as a single parameter to characterize the response of a species to non-freezing stress (temperature and duration of exposure) within the cold injury zone. Nedv d (2000b) calculated the time needed to cause 50% mortality (LT50) to illustrate the response to cold injury of Stenotarsus rotundus Arrow. However, information on the ULCIZ and SIT is only available for very few species. Much more data are needed to test the usefulness of these parameters in helping us to understand the adaptations of species to avoid cold injury and their relationship to adaptations to avoid freezing injury.
The concept of ULCIZ and SIT may apply to freezetolerant species. Some species do not survive exposure to temperatures several degrees below their SCP (Fields & McNeil, 1986 Vernon et al., 1996; Sømme, 1999) . It seems likely that this mortality is caused by nonfreezing cold injury, but definitive experiments on time/temperature relationships and the mechanism causing injury have not been reported.
The concept of ULCIZ and SIT would be of little value for insects which die only if frozen, i.e no mortality occurs regardless of the temperature or duration of exposure at temperatures above the SCP (Bale, 1993; Nedv d, 2000a) . However, the research on which this class is based (e.g. Rickards et al., 1987; Tenow & Nilssen, 1990) does not include a range of time/temperature experiments, and therefore does not eliminate the possibility that death from cold injury occurs at temperatures above the SCP. Such species could provide evidence about changes in the ULCIZ and SIT that have occurred in insects adapted to extreme temperatures, if experiments were conducted with a range of ecologically-relevant temperatures and exposures.
Other Parameters
Estimates of the Lethal Time to 50% mortality (Ltime 50) and of the Lethal Temperature for 50% mortality (Ltemp 50) have been used to describe the level of coldhardiness to non-freezing cold injury. The common design in such studies has been to determine the decrease in survival among subsamples placed at a constant temperature for different exposure periods (Pullin et al., 1991) or among subsamples placed at a fixed period of time at a series of temperatures (van der Woude & Verhoef, 1986 ). These parameters are not based on a range of both temperatures and durations of exposure, so they are not adequate to describe mortality caused by non-freezing cold injury. However, they may be useful for specific comparisons.
Repair of Cold Injury
Cold injury may be repaired if suitable temperatures occur and this adaptation feature appears to be particularly important in species that overwinter in habitats with variable winter temperatures, e.g. ground-surface litter in Temperate Warm Continental, Oceanic, and Highland climates (Casagrande & Haynes, 1976; Nedv d et al., 1998; Sinclair, 2001 ). This characteristic was also identified in a species overwintering in the soil, where no such temperature reversals occur (Turnock & Bodnaryk, 1991) , but there is no information on how widely it occurs in other species. The common experimental design for investigating acclimation ignores the possibility of repairing cold injury. Experiments where insects exposed to a low temperature followed by a cool temperature are compared to those exposed to cool followed by cold temperatures with survival checked at a warm temperature (e.g. -20°/5°/25°C, compared to 5°/-20°/25°C; Denlinger et al., 1992) are not adequate to determine if acclimation does occur, because increased coldhardiness in the second group could be the result of repair of cold injury at the warm temperature. Samples exposed to a low temperature should be kept for the duration of a normal winter at a temperature above the ULCIZ, but below the temperature at which cold injury can be repaired. For Mamestra configurata (Walker) this zone lies between -5°C (ULCIZ) and ca. 10°C (Turnock & Bodnaryk, 1991 . Temperatures within this zone neither cause cold injury nor allow the repair of the injury occurring at lower temperatures.
The zone between the minimum temperature at which normal activities and development occur and the ULCIZ needs more attention in coldhardiness research. In seasonal climates, most insect species are in diapause or quiescence to minimize the physiological stresses and to allow the completion of diapause development (Tauber et al., 1986) . Within this zone, temperature does not affect survival, provided the duration of exposure does not exceed the normal winter period. The development of rearing techniques for species living in seasonally cold climates usually identifies optimum overwintering tem-peratures, those at which diapause is broken and mortality is minimal. Such temperatures, maintained for a period approximating natural winter length, can be used as the holding temperature in experiments to determine survival in cold injury studies, as well as giving a basis for experiments to determine the limits of this zone. We propose that it be named the "maintenance zone".
DISCUSSION
The results of coldhardiness research should describe the mechanisms that insects have developed to protect themselves from low temperature, allow the prediction of overwintering survival in a particular habitat, and estimate the probability of a species surviving in locations outside its range. The question as to how well insects are adapted to their overwintering niches can be only partially answered from the available data. The system of classification of winter climates and habitats can provide a useful framework in examining the relationship between the conditions in the overwintering habitats and the level of coldhardiness.
The SCP is the best documented parameter for describing levels of coldhardiness. Among freezesusceptible species in partially-protected and exposed habitats the SCP decreased significantly with increased severity of the overwintering habitat. In addition, the highest SCP decreased with increasing severity of the overwintering habitat, indicating that a minimum level of protection against freezing was needed to survive in each habitat. No such trend occurred among species in protected habitats, suggesting that freezing is not the major threat to their overwintering survival. The range of values was high, at least 20°C, regardless of the climatic zone or habitat. Some of the variability is undoubtably due to the division of overwintering habitats into only three broad categories. In other cases, mobile species inhabiting more than one climatic zone may retain the SCP necessary to survive in the coldest part of their range. The SCP may also reflect an adaptation to stresses other than low temperature (metabolic stability during periods of diapause or quiescence, protection against desiccation) that lower the SCP. The compounds giving such protection may also be cryoprotectants, giving a SCP below that needed to avoid freezing. This basic SCP, when lower than minimum temperatures in an overwintering habitat, precludes the need for further adaptation in the SCP, and can be considered as a pre-adaptation for surviving low temperatures. The mean SCP is a useful parameter for describing the ability of a species to survive freezing, but its value as a predictor of overwintering survival, or in estimating the probability of a species surviving under new conditions in their overwintering habitat is limited. Changes in the probability of freezing could occur either through an extension in the geographical range or because of climatic changes. Useful predictions might be made for species overwintering in exposed and some partially-protected habitats, but not for those in protected habitats.
There is less data for freeze-tolerant species, and the SCP was not significantly related to the severity of the climatic zone and habitat. The range of SCP values increased with severity and from protected to exposed habitats. Unlike freeze-susceptible species, some species found in very cold overwintering habitats have a SCP about the same as for species found in the warmest climates and habitats. A few species have very low SCPs, seeming to combine the advantages of cryoprotectants to avoid freezing with the use of nucleators to avoid the consequences of freezing. Freeze-tolerance, as a method of avoiding freezing injury, may occur more frequently in climatic zones and habitats with fluctuating winter temperatures and in those with very low temperatures.
Non-freezing cold injury has been rather poorly studied. The mechanisms for protecting insects from nonfreezing injury are different from those protecting from freezing, i.e., some species adequately protected from freezing in their overwintering habitat are susceptible to non-freezing injury and death. The converse may also occur, insects that appear not to be affected by nonfreezing injury die only when temperatures in their overwintering habitat are below the SCP. Non-freezing injury has been clearly demonstrated in freeze-susceptible species, and probably occurs in freeze-tolerant species. In the latter, non-freezing injury could occur either above or below the SCP, but neither has been carefully studied. The duration of exposure is an important element in nonfreezing injury and death, as the trauma accumulates with increasing time and decreasing temperature. If an insect is warmed to a temperature at which normal metabolic activity occurs before the trauma is too severe, the injury may be repaired.
Insects overwintering in habitats with variable, unpredictable temperatures need special adaptations to avoid both freezing and non-freezing mortality. In these habitats, freeze-tolerance may be a preferred method of avoiding freezing injury, and a mechanism to repair nonfreezing injury may be necessary.
There is not yet consensus about the parameters that should be used to describe the level of resistance to nonfreezing injury or to predict overwintering survival and the probability of surviving in a new environment. Parameters that could be useful include:
(1) The lower thermal limit for normal metabolic activity. This may also be the lowest temperature at which non-freezing cold injury can be repaired.
(2) The neutral or maintenance zone lies between the lower thermal limit for active metabolism and the highest temperature at which cold injury occurs (ULCIZ). Within this zone, neither cold injury nor the repair of previous cold injury can occur. For insects in habitats with seasonal cold stresses, it includes the optimum temperature for survival of overwintering insects.
(3) Parameters describing the cold injury zone. The ULCIZ defines the highest temperature at which cold injury occurs within a time period reasonable for the duration of low temperatures in the overwintering habitat. Defining the lower limit of the cold injury zone is more complex. Simply, it is the temperature at which cold injury causes death in a very short time, perhaps 1 day, but freeze-susceptible insects may die from freezing before this lower limit is reached. In such cases, the SCP defines the lower limit of the cold injury zone. Mortality due to cold injury may occur among freeze-tolerant species both above and below their SCP. Mortality occurs at temperatures slightly below the SCP, but no data is available as to the cause of this mortality, or the role of duration of exposure in causing it.
(4) The effect of time and temperature within the cold injury zone can be described by a form of the negative degree-days, such as SIT. Such an equation would also provide a mechanism for estimating survival under combinations of time/temperatures within the range of conditions within the habitat, and a prediction of the probable survival of a species in a new climatic zone. These data would be useful for all species, regardless of how they avoid freezing injury.
(5) The mean SCP is useful for some descriptive purposes, but the frequency distribution of the SCPs will be necessary to predict overwintering survival for some freeze-susceptible species in habitats in which freezing intervenes before death from non-freezing injury.
With such data and a knowledge of the temperatures of exposure, models to predict survival could be prepared. Different types of winter stresses would require different approaches to predictive models.
The simplest model would be for species in which freezing is the main cause of overwintering mortality. The only parameters in a predictive model of overwintering survival would be the minimum temperature and the frequency distribution of the SCP. The complete absence of non-freezing mortality is probably rare, but in some species the proportion dying of such injury under usual exposures might be low enough to ignore in predicting survival. This model would be most likely to apply to freeze-susceptible species in exposed habitats in climatic zones with low temperatures.
In species where non-freezing cold injury is the main cause of overwintering mortality, the predictive equation for survival would include both time and temperature. Various mathematical approaches for predicting survival such as SIT (negative degree-days), regression analysis, and other mathematical approaches have been suggested, but not widely tested (Nedv d, 1998 ). This approach is most likely to apply to freeze-susceptible insects overwintering in protected habitats.
Freeze-tolerance has the same effect as lowering the SCP, it removes freezing injury as a threat to survival. Predicting survival in habitats in which temperatures remain below the lower thermal limit would be based only upon susceptibility to cold injury. Habitats in which temperatures fluctuate between the cold-injury zone and above the lower thermal limit for metabolic activity allow the possibility of repair/reversal of cold injury. Prediction of survival in such habitats would include information on the parameters of the repair process.
